Abstract: Ongoing research in buffet loads alleviation has provided an application for recently developed piezoelectric actuators capable of higher force output than previously existing actuators could provide and that can be embedded within the vehicle's structure. These new actuators, having interdigitated electrodes, promise increased performance over previous piezoelectric actuators that were tested on the fin of an F/A-18 aircraft. Two new actuators being considered by the United S tates Air Force to reduce buffet loads on high performance aircraft were embedded into the fins of an F/A-18 wind-tunnel model and tested in the Transonic Dynamics Tunnel at the NASA Langley Research Center. The purpose of this test program, called ENABLE (Evaluation of New Actuators in a Buffet Loads Environment), was to examine the performance of the new actuators in alleviating fin buffeting, leading to a systems-level study of a fin buffet loads alleviation system architecture being considered by the USAF, Boeing, and NASA for implementation on high performance aircraft. During this wind-tunnel test, the two actuators performed superbly in alleviating fin buffeting. Peak values of the power spectral density functions for tip acceleration were reduced by as much as 85%. RMS values of tip acceleration were reduced by as much as 40% while using less than 50% of the actuators' capacity. Details of the wind-tunnel model and results of the wind-tunnel test are provided herein.
INTRODUCTION
For high performance aircraft, such as the F/A-18, at high angles of attack, vortices emanating from wing leading edge extensions (LEX) on both sides of the aircraft often burst, immersing the vertical tails in their wake ( Figure 1a ). Although these vortices create lift, the resulting buffet loads on the vertical tails are a concern from airframe fatigue and maintenance points of view. Wind-tunnel and flight tests [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] have been conducted to quantify the buffet loads on the vertical tails of the F-15, F/A-18, and F-22. These tests were designed to characterize the flow mechanism and to quantify the buffet (unsteady differential pressures) acting on the vertical tails during high-angle -of-attack conditions. As shown in Figure 1b for the F/A-18, the source of the buffet stems solely from one dominant LEX vortex that bursts ahead of the vertical tails. In comparison, for the F -15 and F -22 configurations, the buffet is created by the combination of several vortices originating from the engine inlet and the wing leading edge as indicated by the trajectories shown in Figures  2a and 2b , respectively.
Because the configurations of these vehicles differ, the corresponding vortices and their frequency contents also differ. As a result, worst-case fin buffeting (the responses o f the fin to the unsteady differential pressures) occurs in different structural modes. Thus, geometric configuration of the aircraft plays a vital role in both the buffet (unsteady aerodynamics) and buffeting (structural response) of the fins. With the intent of lowering fin buffet loads, and thereby increasing fatigue life, a limited amount of research 5 has been aimed at modifying the vortices. However, because the vortices are needed to provide lift at high angles of attack, modifying them may solve one problem but may create another. Instead, efforts have been focused on controlling the structural response [11] [12] [13] [14] [15] [16] . Three wind-tunnel tests 11, 13, 14 have implemented a variety of rudder and piezoelectric actuator concepts for buffet loads alleviation (BLA). Results of these tests illustrated the capabilities of the rudder to alleviate buffeting in the fin first bending mode and the piezoelectric actuators to alleviate buffeting in both the fin first bending and fin first torsion modes.
A full-scale ground test 15, 16 was conducted to assess the capabilities of piezoelectric actuators bonded to the outer surfaces of the fin (Figure 3 ) to alleviate "buffeting" due to simulated unsteady differential pressures. The results of the full-scale ground test indicated the need to develop a more efficient piezoelectric actuator. The piezoelectric actuators available at the time and implemented in these investigations 11, [13] [14] [15] [16] consisted of piezoelectric plates with electrodes of opposite polarity placed on opposite faces of the plates. The plates were poled electrically through the thickness. When voltage was applied through the thickness of the plate, the plate would strain in its plane (i.e., d 31 ). This mechanism for strain is not as efficient as poling the plates in the plane of the actuator where the strain is desired (i.e., d 33 ). A follow -on full-scale ground test program, led by the USAF with participation of researchers from Boeing, NASA, Australia, and Canada, is underway to examine these more efficient actuators using the same test aircraft shown in Figure 3 . Figure 4 , representative performance capabilities of the LaRC-MFC™ and C3 AFC actuators ("Current Generation") were compared with those of several commercial actuator products ("Previous Generation") 17 . Defined by the strain and stress actuation capabilities of the device, the triangular region below each line approximately indicates the performance capability of each actuator. As seen in Figure 4 , the strain and stress actuation capabilities of the "Current Generation" actuators promise superior performance over the "Previous Generation" actuators like those that were used in the previous BLA (wind-tunnel and ground) tests described above. The main objectives of this investigation are 1) to obtain data for verifying mathematical models and analyses of these actuators when embedded in the fin model, and 2) to study these actuators as components of a BLA system for providing guidance during the design phase of the systems-level study mentioned above. Figure 5a , the LaRC-MFC™ actuator consists of three primary components: 1) a sheet of aligned piezoceramic fibers, 2) a pair of thin polymer films etched with a conductive copper electrode pattern on the surface facing the piezoceramic fibers, and 3) an adhesive matrix material, typically structural epoxy.
ACTUATOR DETAILS

Illustrated in
A typical LaRC-MFC™ actuator package, shown in Figure 5b , is 2.25" wide, 3.75" long, and 0.0092" thick, with 0 degree fiber orientation and an average weight of 10.5 grams.
The large rectangular pads, located at each end of the electrode bus lines, are tinned with solder prior to final lamination of the package.
Nominally, a peak-to-peak actuation strain of approximately 2000 µε in the longitudinal direction is possible for a 4 kV peak-to-peak (4000Vpp) voltage cycle, the nominal maximum used with the MFC Figure 6b , is 2" wide, 5.25" long, and 0.013" thick, with a 0 degree fibe r orientation and an average weight of 10.8 grams. Electrodes are available on one end. The standard high-field drive level quoted in current and past AFC literature for the 0.045-inch pitch electrodes is a 3000Vpp/600Vdc biased drive signal; occasionally an extended cycle of 4000Vpp/600Vdc (or with higher DC offset) is used. Typical performance at the standard drive level is on the order of 1500 µε.
ENABLE TEST ARTICLE
To evaluate these new actuator technologies in a buffet loads environment, an existing F/A-18 model was refurbished for testing in the Transonic Dynamics Tunnel at the NASA Langley Research Center. This 1/6 th scale F/A -18 model, shown in Figure 7 , was used in previous tests to evaluate the previous generation actuator technologies leading to their fullscale ground test.
Two new fins were manufactured using conventional model construction techniques. The fin skins consisted of 2 plies of 0.0015-inch thick white fiberglass cloth and an epoxy resin. The actuators were placed on the inside surface of the inner ply and cured with the skins using molds and in vacuum. Flexible cables made of copper-clad polyimid film extended from each actuator to the root of the fin to power the actuators during operation. The shape of the fin was maintained by 8 -lb foam core. An aluminum root fitting provides attachment to the F/A-18 model following final assembly. Once cured, the skins were bonded to the foam core, yielding the final construction assembly. A total of ten AFC actuators, five per side, are embedded beneath the fiberglass shell of the port fin, shown in Figure 8a . Ten MFC TM actuators, five on each side, are embedded beneath the fiberglass shell of the starboard fin, shown in Figure 8b . Six actuators (3 per side) were placed near the root to alleviate the buffeting in first bending mode. Four actuators (2 per side) were placed near the tip to alleviate buffeting in the first torsion mode. Accelerometers at the tip and strain gages at the root of the fins measure responses due to commanded inputs to the actuators and the buffet. Pressure gages near the 75% span provide a measure of the buffet. With controllability and observability of the modes in mind, final placement of actuators and instrumentation was based on finite element ana lysis, planform, actuator and cable dimensions, and knowledge from previous experiments. 
BUFFET LOAD ALLEVIATION SYSTEM DESCRIPTION
Shown in Figure 9 , the BLA system used for this test involved a variety of hardware, software, and instrumentation. Starting with the fin, the measured output of each fin was the strain (µε ) near the root and two accelerations (g 1 and g 2 ) at the tip. The strain near the root served as an additional metric for system identification, control law performance, and buffeting alleviation effectiveness of the actuators. After passing through signal conditioners, tip accelerations were fed back through the controller to the control laws (CLaw1 and CLaw2). The control law gains (K1 and K2) could be set separately as shown. When the switches were closed (i.e., feedback is on), the output of the controller (c 1 and c 2 ) was sent to the summing junction where it was combined with additional commands (v1 and v 2), which were used for system identification, a process described later. As a precaution to prevent damage to the actuators, the input to the v oltage amplifiers (l 1 and l 2 ) was limited to 1 volt (2 Vpp) using limit switches shown in Figure 9 . The voltage amplifiers having fixed internal gains of 1000 were used to drive the piezoelectric actuators. Since the actuators cause motion of the fin through strain actuation, the input to the fin by the actuators is defined by strains ε1 and ε2. The other input to the fin is the buffet or unsteady surface pressures described below. The unsteady pressures vary with angle of attack and airspeed. Shown in Figure 10 is the power spectral density (PSD) of the unsteady pressures on the surfaces of the fin at Mach 0.11 and 25 degrees angle of attack. For this airspeed and angle of attack, the peak value of the PSD occurs around 45 Hz. With knowledge learned from previous buffet studies, the magnitude and location of the peak value can be changed. From the standpoint of structural dynamics, this understanding is important in that the peak value of the buffet can be placed at a f requency value near a fin's structural mode to maximize response or moved away from the structural frequencies to reduce response. Similarly, as shown in Figure 12a for the port-side fin, the lower AFC actuators when working together are capable of producing about 85 g's of response in the first bending mode around 50 Hz per 1000 volts of excitation. As shown in Figure 12b , the upper AFC actuators when working together are capable of producing about 80 g's of response in the first torsion mode around 140 Hz per 1000 volts of excitation. The differences in magnitude (force output) shown in Figures 11 and 12 are due to differences in shape and amount of piezoelectric material in the two types of actuators.
Using these frequency response functions shown in Figures 11 and 12 , control laws were designed using frequency domain methods to alleviate buffeting in the first bending and first torsion modes of the fins. Since these modes were well separated, single-input single-output (SISO) controllers could be implemented using some filtering within the control law. Low pass filtering (in CLaw1) and band-pass filtering (in CLaw2) are used so that other modes are not excited when feedback is turned on as well as to concentrate the amplifier energy near the modal frequencies of interest. Using a variety of inverse notches and lead-lag compensators, the magnitude and phase could be set at desired values. The peak magnitude of each control law was placed near the frequency of the modal frequency of interest. The peak value was purposely set to unity since adjustments to the magnitude could be made via the gain block (K 1 and K 2 of Figure 9 ). The phase of the control law near the modal frequency of interest was set to negative 90 degrees so to augment structural damping.
BUFFETING ALLEVIATION AND ACTUATOR PERFORMANCE RESULTS
After surveying the buffet and buffeting occurring at angles of attack between 20 and 38 degrees and wind-tunnel conditions up to Mach 0.11, the worst case buffeting conditions were found to occur around 25 degrees angle of attack for the higher Mach numbers. Testing was concentrated near these wind-tunnel and model conditions. Thirty variations of the control laws were tested. The power spectral density (PSD) functions of tip accelerations were used to compare open-loop (feedback off) and closed-loop (feedback on) buffeting for evaluating the performance of each control law, which, in turn, provided an evaluation of the new actuators.
Shown in Figures 13a and 13b for the starboard-side fin at Mach 0.105 and 25 degrees angle of attack, the peak magnitude of the closed-loop (feedback on) buffeting is considerably and desirably lower than the peak open-loop (feedback off) buffeting for frequencies near the first bending and torsion modes, respectively. Using a maximum input command of 1000 volts to the lower MFC actuators, peak acceleration in the first bending mode was reduced about 70% (Figure 13a ). The root mean square (RMS) values of tip acceleration were reduced about 30%. Shown in Figure 13b , peak acceleration in the first tor sion mode was reduced about 40% when using about 111 volts (RMS). The increase in magnitude around 125 Hz is caused by the control law and could have been prevented through proper adjustment of the phase in that region of the spectra.
Similar buffeting alleviation results were observed during BLA operation of the AFC actuator groups on the port-side fin. Shown in Figures 14a and 14b for the port-side fin at Mach 0.105 and 25 degrees angle of attack, the peak magnitude of the closed-loop (feedback on) response is considerably and desirably lower than the peak open-loop (feedback off) response for frequencies near the first bending and torsion modes, respectively. Using a maximum input command of 1000 volts to the lower AFC actuators, peak acceleration i n the first bending mode was reduced about 85% (Figure 14a) . RMS values of tip acceleration were reduced about 40%. Shown in Figure 14b , peak acceleration in the first torsion mode was reduced about 30% when using about 32 volts (RMS). As was the case for the upper MFC actuator group, the increase in magnitude around 135 Hz (Figure 14b ) is caused by the control law and could have been prevented through proper adjustment of the phase in that region of the spectra. However, because buffeting in the first torsion mode is substantially less than the buffeting in the first bending mode, no additional effort was spent on adjusting those control laws (CLaw 2). BLA performance was measured at other Mach numbers while the model was set at 25 degrees angle of attack. At Mach numbers lower than 0.105, the buffeting in the first bending mode was lower, as illustrated by the columns designated "OL" in Figures 15 and  16 . The reason that the buffeting is less for the lower Mach numbers can be explained by further consideration of the buffet spectra identified in Figure 10 . As Mach number is reduced from the value of 0.105, the peak magnitude shown around 45 Hz will move to a lower frequency as well as a lower value. From a structural dynamics point of view, when the Mach number is reduced, the frequency of the peak value moves away from the frequency of the structural modes, thus reducing modal response. This effect not only explains why the buffeting in the first torsion mode is much lower than the buffeting in the first bending mode, but also suggested a parametric study of buffeting alleviation in the first bending mode. Thus, a parametric study of BLA performance was conducted for the lower actuator group of each fin. Using several values of feedback gain (K 1 of Figure 10 ), the tip accel erations in the first bending modes of each fin were reduced and their respective amplifier drive voltages (RMS) noted beneath each "CL" column in Figures 15 Prior to completion of the test, several failure modes of the actuators were observed during this test when the voltage limits to the actuators were accidentally exceeded in the form of a voltage spike well above sta ndard operational levels. The MFC actuators showed no visible signs of damage but were unpoled by the negative high voltage. Repoling was performed in situ to restore performance. The AFC actuators suffered more damage since they experienced a larger voltage spike. However, repair to the AFC actuator was possible by isolating the damaged region from the electrical bus by severing the IDEs that were providing voltage to that region. This repair was possible because the damaged region was visible and accessible. Following the poling of the MFC actuators and the repair of the AFC actuator, testing resumed using all MFC and AFC actuators.
CONCLUSIONS
As demonstrated herein, the AFC actuator developed by Continuum Control Corporation and the MFC actuator developed by the NASA Langley Research Center performed similarly and superbly in reducing structural responses caused by buffet. Based on the test results presented herein, both actuators look promising for use during full-scale ground and flight tests being planned by the USAF, Boeing, and NASA. Based on observations, one noticeable deterrent to using these IDE devices if embedded in operational aerospace vehicles is the limited accessibility in case of repair. For this test, repair was possible because the actuator was accessible through the transparent skin of the fin. Also noteworthy are the high (KV range) voltages required to drive these actuators. As in the past, full-scale investigations could lead to additional trade studies for finding a workable compromise in terms of fatigue life enhancement versus demands on vehicle subsystems. The experimental data and results of this test provide a valuable baseline for understanding the system-level architecture required to integrate a buffeting alleviation system into future operational aerospace vehicles.
